Background. More than 11.7 million people are currently receiving antiretroviral therapy (ART) in low-and middle-income countries (LMICs), and focused efforts are needed to ensure high levels of adherence and to minimize treatment failure. Recently, international targets have emphasized the importance of long-term virological suppression as a key measure of program performance.
The World Health Organization (WHO) estimated that nearly 11.7 million people living with human immunodeficiency virus (HIV) in low-and middle-income countries (LMICs) received antiretroviral therapy (ART) in 2013 [1] . Global ART scale-up has been made possible by the use of standardized and simplified treatment protocols and decentralized service delivery, with limited reliance on laboratory monitoring [2, 3] . In order to enhance treatment monitoring, WHO recommended in 2013 that viral load measurements among people receiving ART be performed 6 months after initiating ART and every 12 months thereafter [4, 5] .
As the availability of viral load testing grows in LMICs, the percentage of patients with virological suppression can be an important measure of overall ART clinic and program success. The Joint United Nations Programme on HIV/AIDS 90-90-90 by 2020 initiative was established with the goal of achieving virological suppression in 90% of all people receiving ART by the year 2020 [6] , emphasizing the need for robust data on short-and long-term programmatic levels of virological suppression against which program performance can be assessed.
In this context, population-level summary estimates of virological suppression measured at different time points are needed to guide ART program managers on the normative levels of population-level virological suppression. The objective of this systematic review was to determine summary estimates of virological suppression among HIV-infected people receiving firstline ART for up to 5 years in LMICs.
METHODS

Search Strategy
This systematic review was conducted in accordance with the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement and the STROBE (Strengthening the Reporting of Observational Studies in Epidemiology) guidelines [7, 8] . We searched the electronic databases Ovid Medline (through PubMed), Embase, and the Cochrane Central Register of Controlled Trials for research papers published in English between 1 January 2006 and 14 May 2013 (Supplementary Material). The start date of 2006 was chosen to search for published virological outcomes from ART programs that followed the WHO public health approach [3] . We defined search terms pertaining to HIV/AIDS or ART combined with LMICs. Subsequently, studies were restricted to those matching search terms for HIV viral load and/or HIV drug resistance. We combined this with search terms specifying time factors in order to select viral load measurements obtained from individuals on ART for 6 months and up to 5 years. Finally, we excluded studies of children (aged <13 years) from the search. [9] .
Study Selection
We included original research papers and conference abstracts that reported on virological outcomes among HIV type 1 (HIV-1)-infected adults on first-line combination ART for up to 5 years in LMICs. Studies reporting on both adults and adolescents (aged >13 years) were included if the majority of the population (>90%) was aged >18 years. Cross-sectional studies, cohort studies ( prospective and retrospective), and clinical trials were eligible if they reported virological outcomes. Included studies had to report data on the proportion of participants below (or above) a threshold of HIV RNA in copies per milliliter at a specified duration of ART. LMICs were categorized by gross national income according to the World Bank [10] . Previous use of antiretroviral drugs for ( pre-or post-exposure) prophylaxis, prevention of mother-to-child transmission, or treatment of HIV infection did not preclude inclusion.
We excluded studies in which participants were HIV-1/HIV-2 coinfected, were receiving mono-or duotherapy, had started second-line ART, were selected based on treatment failure, lived in high-income countries, or were children (aged <13 years or >10% adolescents aged 13-18 years). Studies reporting a median follow-up of <4 months or >5 years on ART only were not eligible for inclusion. Because we wanted to extract and compare summary estimates of virological suppression after 6, 12, 24, 36, 48, and 60 months of ART initiation, studies were excluded if the reported interquartile range (IQR) of follow-up duration extended beyond 2 time points. For example, a study reporting on persons with a median ART duration of 43 months (IQR 28-61) was excluded. When more than 1 study reported on the same cohort of patients, we included the publication that contained the most complete information. Two reviewers independently selected eligible papers and abstracts for inclusion in the analysis and removed duplicates. If the description of the study was unclear with respect to eligibility criteria, we contacted the authors for further information. Any disputes about inclusion were resolved by discussion between the 2 reviewers with help of a third reviewer.
Data Extraction
The following information was extracted from the included articles: location(s) and time frame of the study, study design, number of participants, participants' characteristics at time of ART initiation, ART regimens (nonnucleoside reverse transcriptase inhibitor (NNRTI) or protease inhibitor with nucleoside reverse transcriptase inhibitor (NRTI) backbone or triple NRTI regimen), time on first-line ART, number of switches to second-line ART, viral load threshold used to define virological suppression, number of participants with and without viral load results, number of participants with virological suppression, and categories of patient attrition (ie, lost to follow-up [LTFU], death, stop ART) as reported in the study. When 1 study reported virological outcomes at multiple time points and/or reported multiple thresholds to define virological suppression, all outcomes were extracted. When multiple definitions of virological suppression were provided, the study definition closest or equal to 1000 copies per milliliter was included in the analysis to fit the current WHO definition of virological failure and ART program benchmarks [4, 11, 12] . Studies reporting patient outcomes separately, for example, clinical trial arms, were considered to consist of different cohorts. Therefore, the number of cohorts reported in this review exceeds the number of studies included. We assessed quality of reporting using the STROBE checklist (Supplementary Material) [8] .
Statistical Analyses
The proportion of study participants meeting the definition of virological suppression was determined for each cohort and for each duration of ART (ie, 6, 12, 24, 36, 48, or 60 months). The primary analysis for each time point was the on-treatment (OT) analysis, that is, the number of participants with virological suppression divided by the number of participants retained in care and with viral load results available at a given time point. The secondary analysis included only studies reporting attrition over time. This intention-to-treat (ITT) analysis included the number of people who were deceased, LTFU, and/or who stopped ART in the denominator of estimates of virological suppression. Switches to second-line ART were not considered virological failures in the OT and ITT analyses. Switch rates were calculated separately by dividing the number of switches to second-line ART by the number of participants at baseline.
Descriptive statistics were used to assess the proportion of virological suppression, followed by random-effects metaanalysis; we determined the summary estimates of people with virological suppression at each time point. The variance of the raw proportions was stabilized using a Freeman-Tukey arcsine square root transformation and subsequently back transformed to the original scale. Between-study heterogeneity was reported by means of the τ 2 of the meta-analysis of the transformed proportions [13] . Pooled proportions and 95% confidence intervals (CIs) were displayed using forest plots. Three sensitivity and subgroup analyses were carried out to explore reasons for heterogeneity observed in the analyses. First, we explored the role of study design on the reported outcomes. We excluded trials and analyzed data from programmatic settings only in order to explore the effect of a controlled trial setting. Second, we only included studies in which at least 90% of the participants received NNRTI-based first-line ART in order to look at the effect of WHO-recommended first-line regimens [4] . Third, we explored the role of geographic location by analyzing regions separately. Subgroup differences were tested through χ 2 test for heterogeneity. Statistical analyses were performed using Stata 12 [14] .
RESULTS
A total of 2391 research papers and conference abstracts were deemed potentially eligible after duplicate papers were removed. On the basis of title and abstract, 1665 reports were excluded ( Figure 1 ). Of the remaining 726 studies, 163 met the inclusion criteria, including 158 full-text research papers and 5 conference abstracts. In addition, we included unpublished outcome data from the PASER-M cohort (24 and 36 months of follow-up) and TREAT Asia cohort (6, 12, 24, 36, 48 , and 60 months of follow-up). In total, 184 cohorts from 35 countries were retrieved from 163 studies ( Figure 2) ; 69.0% of the cohorts originated from sub-Saharan Africa. Almost half (48.4%) of the studies were prospective cohorts, 20.1% were trials, and the remaining were either cross-sectional or retrospective cohort designs. Almost three-quarters (73.4%) of the studies reported at least 90% of participants initiating NNRTI-based first-line ART. Fifty-four percent adhered to all STROBE guidelines. Study characteristics are summarized in Table 1 , and a full list and characteristics of all included studies are provided in Supplementary Table. Sample sizes ranged from 8 to 27 516 study participants, and most studies report outcomes up to 2 years after ART initiation ( Table 2 ). All outcomes beyond 2 years from ART initiation originated from Asia and subSaharan Africa, and 5-year outcomes were only available for OT outcomes.
OT summary estimates of virological suppression for all time points assessed were >80%. For cohorts on ART for 6, 12, and 24 months, OT summary estimates were 84.9% (95% CI, 83. Sensitivity analyses excluding clinical trials and analyses excluding studies in which <90% of participants received NNRTIbased ART did not yield different summary estimates in either the OT or ITT analyses (Supplementary Tables). However, regional differences were found in subgroup analyses comparing studies conducted in sub-Saharan Africa to studies from Asia, as shown in Figure 3 . At 2 time points, there was a statistically significant difference in OT virological suppression. At 6 months, the OT summary estimate was 89.6% (95% CI, 87.3-92.0; N = 3942) in Asia compared with 84.2% (95% CI, 82.5-85.9; N = 100 613) in sub-Saharan Africa (P = <.01). At 12 months, the OT summary estimate was 90.2% (95% CI, 87.7-92.6; N = 5997) in Asia compared with 84.3% (95% CI, 82.8-85.8; N = 93 415) in sub-Saharan Africa (P = <.01). Although summary estimates from Asia were generally higher compared with those from sub-Saharan Africa, no differences were observed at any of the other time points assessed. Statistically significant regional differences were also observed in the ITT analysis at months 12 and 24; summary estimates were approximately 12% higher in Asia compared with sub-Saharan Africa. At 12 months of ART, we found 76.4% (95% CI, 70.4-82.5; N = 2334) virological suppression in Asia vs 64.3% (95% CI, 60.0-68.7; N = 37 898) in sub-Saharan Africa (P = .01). At 24 
DISCUSSION
This review describes summary estimates of virological suppression for people receiving first-line ART for HIV in 35 LMICs for up to 5 years after treatment initiation. Reported virological outcomes for people who remained in care and on treatment were stable over time, with OT virological suppression rates remaining >80% for up to 5 years after ART initiation. In the ITT analysis, which considered all people who died, stopped ART, or were LTFU as having virological failure, the virological suppression rate declined to 62% after 4 years. The outcomes were consistent irrespective of study design and ART regimen. Early virological suppression rates were found to be significantly higher in Asia compared with sub-Saharan Africa, but differences tended to disappear over time.
Overall, OT estimates of virological suppression up to 36 months on ART were consistently high and informed by a large number of cohorts and study participants. Similar trends have been reported in resource-rich countries, where the proportion of patients with virological suppression has been shown to increase over time in the Netherlands and British Columbia [15, 16] . Stable rates of OT virological suppression may be partially explained by the inherent survivor bias of analyses limited to individuals on ART retained in care [17, 18] . Spontaneous viral resuppression and the impact of adherence interventions may also contribute to the maintenance of high levels of virological suppression among individuals on ART. However, the aggregate proportion of individuals who died, were LTFU, or stopped therapy increased over time, leading to decreasing rates of virological suppression in the ITT analysis. Interestingly, we did not observe an increase in the proportion of individuals with virological failure retained in care. This implies that those failing first-line ART either dropped out of care or were switched to a second-line regimen. Although the For a full list and characteristics of study cohorts included in the systematic review, see Supplementary Table. a Studies reporting numbers of deaths and persons lost to follow-up were included in the intention-to-treat analysis.
b Nonnucleoside reverse transcriptase inhibitor/protease inhibitor (NNRTI/PI)-based regimen defined as >90% of participants receiving an NNRTI/PI as part of firstline antiretroviral therapy. c Including triple nucleoside reverse transcriptase inhibitor regimens.
proportion of patients switching to second-line care did increase over time in the subset of studies with available data, such numbers were small and consistent with the very low uptake of second-line ART in LMICs in general, suggesting that the majority of individuals failing ART most likely dropped out of care before they could be identified [2] . In contrast to previous reviews [19] [20] [21] , this review included data from all LMICs including Asia and Latin America and the Caribbean for up to 5 years of follow-up. A previously published review of 12-month outcomes across all LMICs reported 84% suppression at 12 months [20] . Two other reviews that reported on virological outcomes on ART in sub-Saharan Africa showed lower OT suppression rates compared with this review: 78%, 76%, 67% vs 75%, 67%, 65% after 6, 12, and 24 months of ART [19, 21] . One of these reviews (concerning sub-Saharan Africa only) also reported ITT outcomes, which were in line with our findings: 78%, 69%, 63% after 6, 12, and 24 months of ART [19] . Early virological suppression rates were found to be significantly higher in Asia compared with sub-Saharan Africa, but differences tended to disappear over time. While this may indicate superior program performance in the early stages of ART in Asia, the paucity of data after 36 months prevents additional analyses.
This review has several limitations. First, it reflects findings from clinics where patients had access to virological monitoring or access to virological testing for research purposes, which likely represent well-resourced ART sites [22] . Therefore, estimates of virological suppression presented in this review may not be representative of actual program conditions that may be prevalent in other clinics and/or settings. ART programs or clinics that evaluated and reported viral loads may have greater resources and better clinical outcomes than those where viral loads were not evaluated and/or where virological outcomes were not reported. Second, in settings where viral loads were evaluated but where poor virological outcomes were observed, researchers may have chosen not to disseminate the results, potentially leading to publication bias. Estimates may therefore overestimate the mean frequency of virological suppression in the broader population receiving ART in LMICs. Third, we searched for studies reporting on virological outcomes of ART and not specifically on attrition. Therefore, the ITT analysis could report biased results as attrition rates could possibly be underreported in the included studies, potentially overestimating program efficacy. Conversely, the assumption that all those who died or were LTFU had detectable viral loads is likely to yield conservative estimates. Fourth, this review included studies reporting OT outcomes from cross-sectional analysis and it did not focus only on studies following cohorts longitudinally. One should take into account that the findings include cross-sectional outcomes from different studies at each time point, which could induce some bias in interpreting differences across time since these differences may be attributable to the studies included in the analysis rather than a true change in virological suppression over time. Fifth, this review might include overlap in data between studies. Because of thorough exclusion, we believe that the presence of duplicate data in our review is minimal. is a measure of between-study heterogeneity that is less affected by the number of studies than other common measures.
Strengths of our review include its broad scope, encompassing studies from various ART programs across LMICs and complementary unpublished data from large African and Asian cohort studies. We were able to assemble a large dataset for meta-analysis, especially at the time points up to 3 years after the initiation of ART. Our results were consistent in different sensitivity and subgroup analyses, taking the study design and type of ART into account. This review included both longitudinal and cross-sectional studies from programmatic and clinical trial settings, yet excluding trials from the analysis did not affect summary estimates. Additionally, studies reporting both protease inhibitor-and NNRTI-based regimens were included, but subgroup analyses examining different regimens were comparable to the overall analysis.
In the context of lifelong treatment, data on long-term virological outcomes from LMICs are much needed [23] . This review found high and stable levels of virological suppression (>80%) among individuals retained in care during the first 5 years of first-line ART in LMICs. When accounting for individuals who were LTFU, died, or stopped therapy and if one assumes that all of them had virological failure, available data suggest that suppression rates declined during the first 4 years of ART. This review also highlights the need for more accurate data on retention to inform the development of a comprehensive benchmark framework to assess and monitor program performance. Further research is needed to better describe virological outcomes among individuals who are LFTU and among those who stop therapy, so that they can be taken into account in future estimates of population-level virological suppression.
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